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Abstract 
Owing to its light weight, good seismic performance and high degree of industrialization, lightweight building is used widely. 
However, due to the low thermal inertia of lightweight building envelop, its indoor temperature is highly affected by outdoor 
ambient. So the application of lightweight building is restricted because of its poor indoor thermal environment. In order to 
improve the thermal performance, this paper researches lightweight building integrated with phase change material (PCM). 
EnergyPlus software with building model validated by experiment data is used to research the indoor thermal environment 
improvement with PCM under typical weather conditions of five climate zones in China. Results show that PCM can effectively 
control the indoor temperature rises and temperature fluctuations. And in temperate region, the PCM can improve indoor thermal 
environment of lightweight building in most of the time throughout the year. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
Lightweight building is used widely in railway stations, post-disaster reconstructions and construction sites because 
of its light weight, good seismic performance and high degree of industrialization. However, due to the low thermal  
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inertia of lightweight building envelop, its indoor temperature is highly affected by outdoor ambient. The application 
of lightweight building is restricted because of its poor indoor thermal environment. According to some existing field 
experiments [1,2], the indoor air temperature of prefab house is less than 18°C and its lowest value is 13°C even with 
solar radiation in the daytime in winter. Meanwhile, the indoor air temperature of prefab house is more than 30°C in 
summer. So weakening the influence of outdoor air temperature fluctuations is necessary for indoor thermal 
environment improvement without changing the portability of lightweight building envelops. 
However, phase change material (PCM) becomes a reasonable choice due to higher energy storage density and 
smaller masses than volumes of materials. Feng and Liang [3] built experimental rooms with phase change wall and 
ordinary wall, and used household air-condition for cooling. Results showed that the indoor air temperature of room 
with phase change wall was 1 or 2°C lower than that of room with ordinary wall. And heat flux was reduced by the 
phase change wall. In artificial climate laboratory, Kuznik and Virgone [4]did experiments about the indoor thermal 
environment of PCM room and ordinary room in summer, winter and the transition season. Experimental results 
showed that the phase change wall could reduce the indoor temperature fluctuations. However, researches of PCM 
related with lightweight building are limited. Deng et al. [5] made lightweight board structure by PCM and polystyrene 
foam board to reduce the thermal storage capacity of lightweight envelop. Li et al. [6] used night ventilation in 
lightweight building integrated with PCM, and comparatively studied the indoor thermal environment of lightweight 
buildings with PCM layer and without PCM layer. Xu et al. [7] comparatively analysis indoor environments of prefab 
houses integrated with PCM and without PCM through experiments. And they determined the regulation performance 
of PCM to the indoor thermal environment of lightweight buildings. 
Existing studies show that PCM can improve indoor thermal environment in lightweight building. However, the 
applicability of PCM is affected by climate conditions. Theoretical calculations, field experiments and simulation 
software are used in this paper to research lightweight building integrated with PCM. And the purpose of this study is 
to comparatively analysis the indoor thermal environment improvement under different climate conditions.  
2. Methods 
2.1 EnergyPlus PCM model 
EnergyPlus PCM algorithm uses a one-dimensional conduction finite difference (CondFD) solution algorithm 
which uses an implicit finite difference scheme, where user can select Crank-Nicholson or fully implicit scheme. Eq. 
(1) shows the calculation method for the fully implicit scheme. 
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Where T = node temperature, i = node being modeled, i+1 = adjacent node to interior of construction, i-1 = adjacent 
node to exterior of construction, j+1 = new time step, j = previous time step, Δt = calculation time step, Δx = finite 
difference layer thickness, Cp = specific heat of material, kw = thermal conductivity for interface between i node and 
i+1 node, kE = thermal conductivity for interface between i node and i-1 node, ρ = density of material 
Then, Eq. (1) is accompanied by Eq. (2) that relates enthalpy and temperature. 
( )i ih HTF T    (2) 
Where HTF is an enthalpy-temperature function that uses input data. The enthalpy-temperature function is used to 
develop an equivalent specific heat at each time step (Eq. (3)). 
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In the CondFD algorithm, all elements are divided or discretized automatically using Eq. (4), which depends on a 
space discretization constant (C), the thermal diffusivity of the material (α), and the time step. Users can leave the 
default space discretization value of 3 (equivalent to a Fourier number (Fo) of 1/3) or input other values. 
x= C tD' '    (4) 
2.2 Validation of PCM model 
To verify the PCM model in EnergyPlus software, two lightweight building models (Model 1 and Model 2) are 
built in Sichuan University. The size of the model buildings are both 800mm×1000mm×1300mm. From inner side to 
outer side, their envelopes consist of one layer of plasterboard of 8mm, one layer of metal sheet of 1mm, one layer of 
polystyrene foam board of 40mm and one layer of metal sheet of 1mm. And for Model 2, there is one layer of PCM 
of 20mm between the plasterboard and the metal sheet. Fig. 1 shows the cross-sectional schematic view of walls. And 
the physical properties of each layer material are shown in Table 1. The phase-transition temperature range of PCM 
is from 18°C to 26°C, which has phase change latent heat of 178.5kJ/kg.  
 
 
Fig. 1. The cross-sectional schematic view of walls  
Table 1. Physical properties of each layer material. 
Materials  Thickness(mm) Thermal conductivity(W/(m·K)) Density(kg/m3) Specific heat 
capacity(J/kg·K) 
Metal sheet 1 13.31 7966 470 
Polystyrene foam board 40 0.037 20 1330 
Plasterboard 8 0.18 580 870 
PCM 23 0.25(phase change),  
0.5(solid or liquid) 
1300 1785 
The experimental system is shown in Fig. 2. The measured parameters in this experiment include indoor (A, C) 
and outdoor (B) air temperature, all of which are recorded by JTRG-II building thermal temperature automatic tester. 
And outdoor temperature, dew point temperature, relative humidity, wind speed, wind direction, solar radiation and 
other parameters which are measured by JTR13C outdoor meteorological observatory are input data of EnergyPlus 
models. 
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Fig. 2. The experimental system 
The thermal properties of building envelope depend on the envelope’s thermal parameters [8]. According to 
theoretical calculations, thermal resistance (R), heat storage coefficient (S), thermal inertia index (D), total attenuation 
degree (v0) and total delay time (ζ) of two kinds of walls are calculated, and the results are shown in Table 2. For the 
PCM wall, the phase change process is considered during the calculation. 
Table 2. Thermal parameters of two kinds of walls. 
Wall R (m2·K/W) D v0 ζ (h) 
Ordinary wall 1.282 0.783 11.969 0.644 
Wall integrated with PCM 1.374 1.916 33.233 3.705 
Theoretical analysis shows that due to the PCM’s excellent heat storage performance, the total attenuation degree 
of wall integrated with PCM is 32.233, and the total delay time is 3.705h, which is nearly 3 hours longer than ordinary 
wall. Compared with ordinary wall, heat stability of wall integrated with PCM is better, so the indoor livability can 
be better improved. 
 
 
Fig. 3. Comparison of test value to simulated value for indoor air temperature 
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Fig. 3 presents the comparison of test value to simulated value for indoor air temperature of Model 1 and Model 2. 
The percentage of error in simulation results is less than 5%, which indicates their good consistency and that the 
EnergyPlus software can be used to simulated indoor thermal environments of lightweight building and lightweight 
building integrated with PCM. Therefore, EnergyPlus software can be used to research indoor thermal environment 
of lightweight building integrated with PCM under different climate conditions 
3. Results 
Based on different climatic conditions, there are five building climate zones divided by Chinese “Civil Design 
Principles” (GB50352-2005). PCM used to lightweight building will be accompanied by weather conditions 
throughout the year, so indoor thermal environment improvement of lightweight building integrated with PCM under 
different climate conditions is worth studying. In this paper, five typical cities of different climate zones are chosen. 
With the validated EnergyPlus models, the annual indoor thermal environments of two models are studied. And by 
respectively analyzing the indoor air temperature of two models in typical two days in winter, summer and transition 
season, the indoor thermal environment improvement of lightweight building integrated with PCM is researched. The 
simulation results are shown in Table 3. In Table 3, Tout is the outdoor air temperature, Tin1 is the indoor air 
temperature of Model 1, Tin2 is the indoor air temperature of Model 2, ΔTday is the maximum temperature difference 
between Model 1 and Model 2 during daytime, and ΔTnight is the maximum temperature difference between Model 1 
and Model 2 at night. 
Table 3 shows that in five cities, indoor air temperature fluctuations of Model 2 are smaller than those of Model 1 
in winter. However, because the outdoor air temperatures in the five cities are all below the phase-transition 
temperature range, the PCM is always in solid state. The performance of heat storage when phase changing can’t be 
obtained. As a general thermal insulation material, PCM can also reduce the indoor air temperature fluctuation in the 
five typical cities. Due to the bigger thermal resistance, indoor air temperature of Model 2 is higher than that of Model 
1. However, because lightweight building is greatly influenced by solar radiation, indoor air temperature of Model 1 
with the thinner wall is higher. In Beijing where the outdoor air temperature is far away from thermal comfort range, 
indoor air temperature of Model 1 is up to 15.4°C, which means the indoor thermal environment is better than Model 
2 during the daytime. 
Table 3. Simulation results of indoor air temperature in different climate conditions  
Climate zone City Season Tout(°C) Tin1(°C) Tin2(°C) ΔTday(°C) ΔTnight(°C) 
Severe cold Harbin Winter -25.1~-11.0 -26.9~-10.9 -18.7~-14.7 5.7 8.7 
Transition season 13.2-24.2 12.4-32.3 22-25.2 7.7 10.0 
Summer 14.4~28.4 14.8~35.9 25.0~29.5 7.4 9.9 
Cold Beijing Winter -7.3~8.4 -8.3~15.4 -0.5~5.1 11.5 8.4 
Transition season 11.8~29.4 11.9~38.5 24.2~29.6 9.7 13.9 
Summer 27.2~34.8 27.2~42.0 33.6~37.4 4.9 7.5 
Hot summer and cold 
winter  
Shanghai Winter 0.9~14.9 0.5~21.6 7.7~12.6 9.8 7.4 
Transition season 17.4~20.7 16.2~27.6 23.7~25.3 2.7 8.1 
Summer 27.2~32.8 26.1~41.3 31.5~36.6 7.3 6.7 
Hot summer and hot 
winter  
Guangzhou Winter 6.0~14.9 4.4~31.5 15.4~21.18 11.0 11.6 
Transition season 13.8~25.8 12.7~36.3 22.1~27.9 9.7 9.8 
Summer 27.1~35.6 27.1~43.6 35.4~38.8 5.2 9.4 
Temperate  Kunming Winter 1.9~17.8 1.7~28.6 12.5~18.5 11.2 11.6 
Transition season 13.3~23.7 12.0~32.5 21.2~25.3 8.1 9.8 
Summer 13.9~25.8 13.8~36.1 24.4~29.4 7.7 10.3 
During the transition season, outdoor air temperature fluctuation range is 11.8~29.4°C in five cities which is cover 
the phase-transition temperature range. So indoor thermal environment in lightweight building integrated with PCM 
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is significantly improved. Due to the heat storage, PCM can effectively control the indoor air temperature fluctuation 
and rise temperature. Table 3 shows that the indoor air temperature fluctuations in Model 1 in five cities are higher 
than 10°C, while the minimum indoor air temperature fluctuation in Model 2 is 1.6°C, and the maximum is only 5.8°C. 
In Beijing where the outdoor air temperature difference is the biggest, the indoor air temperature difference of two 
models is up to 13.9°C at night, and 9.7°C during the day. 
In summer, the outdoor air temperatures in Beijing, Guangzhou and Shanghai are higher than 27°C. In these three 
cities, the PCM is just an insulation layer because it is always in liquid state. However, the outdoor air temperature 
fluctuations in Harbin and Kunming are 14.8~28.4°C and 13.9~25.8°C, and the excellent phase change transition 
performance of PCM can be obtained. In Harbin and Kunming the indoor air temperature fluctuations of Model 2 are 
4.5°C and 5°C, while they of Model 1 are 11.1°C and 12.3°C. And the maximum indoor air temperature differences 
between two models are up to 9.9°C and 10.3°C at night, while 7.4°C and 7.7°C in the daytime. 
4. Discussion 
Through the experiment and simulation we can found: (1) the phase-transition temperature range of PCM is 
18~26°C. And the average temperature of Kunming which is belong to temperate zone is 8.1~19.9°C. The PCM in 
Kunming can storage and release heat when phase changing. So in temperate zone, the indoor thermal environment 
of lightweight building integrated with PCM can be significantly improved. (2) When outdoor air temperature is high 
during the daytime, the indoor air temperature of lightweight building rises rapidly with the rising outdoor air 
temperature. Therefore, wall integrated with PCM can prevent heat transfer and has effects of heat attenuation and 
temperature delay. When outdoor air temperature is low at night, the PCM can release the heat that it storage during 
daytime to maintain the indoor air temperature stability. As a result, when outdoor air temperature difference is bigger, 
the effect of PCM is better. By the above simulation results, the indoor environments of lightweight building integrated 
with PCM and without PCM are much different, especially in the city where the outdoor air temperature difference 
between day and night is large. It is more comfortable in lightweight building integrated with PCM. (3) The PCM can 
control indoor air temperature effectively in the typical cities of five climate conditions during transition season. And 
because the outdoor air temperature difference between day and night is big in transition season, PCM can effectively 
improve indoor thermal environment of lightweight building. (4) In Harbin, Beijing, Shanghai and Guangzhou, it’s 
very hot in summer. Although the indoor air temperature fluctuation is reduced by the PCM, the indoor air temperature 
is beyond the comfort range of human body. In order to improve indoor thermal environment, air condition is still 
needed. Compared with ordinary lightweight building, the load in lightweight building integrated with PCM is more 
stable with no peak. (5) In the research above, the phase-transition temperature range determines the PCM’s heat 
storage potential. It is important to select PCM rationally by wall properties and climate features. The effect of the 
PCM with phase transition temperature range 18~26°C in this paper is obvious in transition season, but poorer in 
winter and summer. We will study about it in the later work. 
Conclusion 
In five typical cities under the different climate conditions of China, the indoor thermal environment of lightweight 
buildings integrated with PCM is assessed by EnergyPlus models, which is verified by experiment data in this paper. 
Results show that PCM can lower the indoor air peak temperature and reduce the indoor air temperature fluctuations 
effectively. Especially in the temperate zones, PCM integrated with lightweight wall can improve indoor thermal 
environment of lightweight buildings in the most time of a year. And the bigger the outdoor air temperature difference 
between day and night, the better the thermal environment improvement of PCM. This paper can provide the 
meaningful guidance of the thermal environment refinement methods of lightweight buildings. 
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